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Obesity and hypertension have both been associated with elevated levels of circulating oxidative metabolites, such as superoxide. Increased levels of oxidative stress in both obese and hypertensive patients are thought to contribute to chronic kidney disease; however, the extent to which blood pressure and oxidative stress contribute to the progression of renal vascular dysfunction, inflammation, and injury remains unclear (12, 34) . In hypertensive animal models such as the SHR and angiotensin hypertension, elevated levels of superoxide have been detected (24) . These elevated oxidative molecules may contribute to some of the characteristic pathological changes that occur in the SHR, such as renal morphological alterations as hypertension develops (1, 28) . Because hypertension is associated with increased superoxide production, we were interested in whether hypertension combined with a high-fat diet increases the susceptibility or severity of renal injury and the contribution of superoxide and cholesterol to this injury. This is the first time that the effect of tempol and simvastatin on endothelial function and kidney injury has been studied in an animal model of essential hypertension with obesity. Increased production of superoxide can overpower endogenous scavenging molecules such as superoxide dismutase and induce renal dysfunction by way of a number of mechanisms, for example, reducing the bioavailability of vasodilators such as nitric oxide (35, 36) . We have previously observed no increase in blood pressure in WKY rats as a result of 10-wk high-fat feeding; however, in a clinical setting hypercholesterolemia is often present in combination with hypertension (26) . Therefore, in this study we use the rat model of essential hypertension, the SHR fed a-high fat diet, to explore the contributions of obesity and hypertension to renal injury. High levels of renal vascular oxidative stress have been identified in animal models of obesity such as the leptin-deficient mouse, the db/db and the leptin receptor-deficient rat model, the obese Zucker rat, as well as in obese humans (2, 4, 16) . One reason for the increased production of superoxide in obesity could be as a result of elevated levels of cholesterol, which has also been associated with obesity and increased risk of developing cardiovascular disease (20) (http://www.americanheart.org/ presenter.jhtml?identifierϭ4639). High cholesterol levels have been shown to contribute to elevated superoxide generation; therefore, high cholesterol levels could contribute to the renal dysfunction frequently observed in obesity (10).
We hypothesized that in an animal model of obesity and hypertension, the increased severity of renal injury observed in SHR as a result of a high-fat diet is a result of elevated cholesterol levels combined with preexisting oxidative stress as a result of the hypertension. Elevated levels of circulating cholesterol give rise to increased production of superoxide, which could contribute to endothelial dysfunction and renal injury that are characteristic of this model of obesity. 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG -CoA) reductase inhibitors or statins are hypolipidemic drugs used for the treatment of high cholesterol in those at risk for the development of cardiovascular disease. HMG -CoA reductase is the rate-limiting step in the production of cholesterol, and statins have been shown to reduce "bad" LDL cholesterol levels from up to 30 -50% (3). In addition to the cholesterol-lowering effects of statins, other non-lipid-mediated beneficial pleiotropic effects have been observed, such as improved endothelial function and antioxidative effects (5, 13, 23) . Therefore, in this study we used simvastatin, an HMG-CoA reductase inhibitor, and 4-hydroxy-tempol (tempol), a superoxide dismutase mimetic, to explore the contribution of cholesterol and oxidative stress to afferent arteriole endothelial dysfunction and renal injury, in a model of obesity and hypertension.
MATERIALS AND METHODS
All animal studies were approved by the Medical College of Georgia institutional review committee according to the National Institutes of Health guidelines for the care and use of laboratory animals. Eight-week-old male Wistar-Kyoto (WKY) rats and SHR were purchased from Charles River Laboratories (Wilmington, MA) and were divided into four groups: A-D (n ϭ 5-6). Group A were fed normal rat chow containing 7% fat (Teklad), and the remaining groups, groups B-D, received a high-fat diet containing 36% fat (no. F2685, BioServ, Frenchtown, NJ) ad libitum for 10 wk. Group C received 1 mmol tempol in their drinking water, and group D received simvastatin (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) in their drinking water throughout the 10-wk study period. After an initial training period, rats were weighed and systolic blood pressure was measured by tail-cuff plethysmography every 7 days, as previously demonstrated (26) .
In Vitro Perfused Juxtamedullary Nephron Experiments
Experiments were conducted in vitro using the perfused juxtamedullary nephron technique, as previously described (26) . Male WKY rats and SHR (n ϭ 4) were anesthetized with pentobarbital sodium (40 mg/kg body wt ip). The right renal artery was cannulated and perfused with a Tyrode buffer solution containing 5.2% BSA and a complement of L-amino acids. The kidney was removed and sectioned along the longitudinal axis, with care taken to leave the papilla intact on the dorsal two-thirds of the kidney. The vasculature was isolated as previously described (26) . The perfusate was consistently perfused with 95% O 2-5% CO2. Perfusion pressure was set at 110 mmHg and monitored continuously. The inner cortical surface of the kidney was superfused with warmed (37°C) Tyrode buffer containing 1% BSA. Vessel inner diameters were viewed by video microscopy and measured using an imageshearing monitor. An afferent arteriole was selected, and after a 20-min equilibration the vessel was constricted using 1 mmol/l phenylephrine added to the superfusate. The vessel diameter was measured and recorded as the baseline. Acetylcholine was added to the perfusate to make a final concentration of 1 ϫ 10 Ϫ8 mmol/l; then, the concentration of acetylcholine was increased to 1 ϫ 10 Ϫ7 mmol, 1 ϫ 10 Ϫ6 , and finally 1 ϫ 10 Ϫ5 mmol/l. Mean vessel diameter was recorded for 15 min at each concentration of acetylcholine. The vessel was perfused with 1% BSA for 15 min in the absence of acetylcholine, followed by a 15-min incubation with sodium nitroprusside to exclude the contribution of the smooth muscle to any differences in dilatory response to acetylcholine.
In Vitro Assays and Enzyme-Linked Immunoassays
Rats were housed in metabolic cages for 24 h at the end of the 10-wk experiment to collect urine for analysis. Plasma-free cholesterol levels were measured using a commercially available kit from Wako Diagnostics (Richmond VA). Urinary microalbumin levels were measured by enzyme-linked immunoassay (ELISA) using a commercial kit from SPI-bio (Paris, France). Urinary monocyte chemoattractant protein-1 (MCP-1) and 8-isoprostane levels were also measured by commercial ELISA (BD Biosciences, San Jose, CA and Cayman, Ann Arbor, MI).
CD68 Immunohistochemistry
Five-micrometer frozen kidney sections were cut and incubated overnight at room temperature with mouse anti-rat CD68 primary antibody (1:100, Serotec, Raleigh, NC) followed by the secondary antibody goat anti-mouse IgG HRP (1:50, Serotec) for 1 h at room temperature. Slides were incubated with AEC substrate chromogen (DAKO, Carpinteria, CA) for 20 min, rinsed, and counterstained with Mayers hematoxylin for 30 s. Photographs were taken at ϫ400 magnification. Eight randomly selected glomeruli were photographed from each of 6 kidneys per treatment group, totaling 48 images. A blinded reviewer counted the number of CD68-positive cells. Group means and SEs of positively stained cells were calculated per square millimeter.
Nephrin Immunofluorescence
Five-micrometer frozen kidney sections were incubated overnight at room temperature with goat anti-human nephrin primary antibody (1:50, sc-19000, Santa Cruz Biotechnology, Santa Cruz, CA) followed by rabbit anti-goat Cy-3 fluorescent-tagged secondary antibody (1:400, for 1 h, Zymed). Slides were mounted using Prolong Gold anti-fade (Invitrogen) and glass coverslips. Photographs were taken at ϫ400 magnification. Ten randomly selected glomeruli were photographed from each of 6 kidneys per treatment group, totaling 60 images/group. Fluorescent intensity of glomeruli was measured using Metamorph software (Molecular Devices), correcting for background fluorescence, and means and SEs were calculated.
Statistical Analysis
All statistical analysis of data was performed using 2-way ANOVA and the Bonferroni posttest. Differences are considered statistically significant if P values are 0.05 or below.
RESULTS

Body Weight and Blood Pressure
We measured mean body weight in all groups at baseline and throughout the study. Figure 1 , A and B, displays the mean body weight of the WKY and SHR fed a normal diet, a high-fat diet, a high-fat diet with tempol in their drinking water, or a high-fat diet with simvastatin in their drinking water. We observed that after 10 wk of high-fat feeding, the WKY rats had a slightly higher body weight than the SHR; however, this did not reach significance. Interestingly, the WKY rats receiving a high-fat diet with tempol or simvastatin treatment displayed a significant increase in body weight compared with those fed a normal diet (P Ͻ 0.05). Figure 1B shows data for the SHR where 10 wk on a high-fat diet induced a significant increase in body weight compared with SHR fed a normal diet (P Ͻ 0.05). Treatment with tempol or simvastatin in the drinking water with a high-fat diet did not effect this increase in body weight, which was also significantly higher than those fed a normal diet (P Ͻ 0.05).
The SHR developed a higher systolic blood pressure compared with the WKY rats after the 10-wk study period typical of the SHR strain. No significant differences were observed in systolic blood pressure in either rat strain between treatment groups throughout the 10-wk study period (Fig. 1, C and D) .
Plasma Cholesterol
Significantly lower levels of plasma cholesterol were apparent in all SHR groups compared with the WKY rats, independent of diet (P Ͻ 0.05) ( Fig. 2A) . Ten weeks of high-fat diet feeding produced a significant increase in plasma cholesterol levels in both rat strains (P Ͻ 0.05). Treatment with tempol did not affect this elevation in cholesterol in either rat strain; however, 10 wk of simvastatin treatment significantly reduced plasma cholesterol levels in both WKY and SHR compared with groups receiving a high-fat diet alone for 10 wk (P Ͻ 0.05).
Oxidative Stress
To measure the effect of a 10-wk high-fat diet with hypertension on renal oxidative stress, we measured urinary levels of 8-isoprostane from WKY rats and SHR fed a normal diet, a high-fat diet, a high-fat diet with tempol, or a high-fat diet with simvastatin treatment (Fig. 2B ). We observed a marked increase in 8-isoprostane excretion in both WKY rats and SHR fed a high-fat diet for 10 wk compared with those fed a normal diet throughout the study period (P Ͻ 0.01 and P Ͻ 0.05, respectively). In addition, treatment with tempol or simvastatin in the drinking water for 10 wk prevented this increase in 8-isoprostane levels, which remained at levels similar to those observed in rats fed a normal diet for 10 wk. Fig. 1 . Body weight in Wistar-Kyoto (WKY; A) rats and spontaneously hypertensive rats (SHR; B) is increased after 10 wk compared with baseline (*P Ͻ 0.05). Ten weeks of a high-fat diet caused a significantly greater increase in body weight compared with a normal diet (*P Ͻ 0.05). Tempol and simvastatin had no effect on body weight. Blood pressure was unaffected by a 10-wk high-fat diet, tempol, or simvastatin treatment in both WKY (C) rats and SHR (D). Fig. 2 . Plasma cholesterol levels were significantly increased by a 10-wk high-fat diet compared with a normal diet in both WKY rats and SHR (A). This increase was absent in both WKY and SHR strains treated with simvastatin (*P Ͻ 0.05). Urinary 8-isoprostane levels were significantly higher in SHR compared with WKY rats fed a normal diet ( †P Ͻ 0.05; B). Ten weeks of a high-fat diet resulted in a significant increase in 8-isoprostane levels compared with a normal diet in both rat strains, which was ameliorated by both tempol and simvastatin treatment (*P Ͻ 0.05).
Renal Endothelial Function
We have previously shown that just 3 wk of a high-fat diet can induce renal endothelial dysfunction in both the WKY rats and SHR in the absence of changes in systolic blood pressure (26) . Three weeks of a high-fat diet impaired the endothelial response to acetylcholine in the WKY rats and SHR compared with those fed a normal diet (Fig. 3, A and B) . Figure 3A shows that a 3-wk high-fat diet impairs endothelial dilation in response to acetylcholine, resulting in vessels reaching just 51% of baseline in high fat-fed WKY rats (P Ͻ 0.05). Tempol treatment prevents the impaired response to acetylcholine of the renal endothelium, and mean vessel diameter reached 96% of baseline. The SHR fed a high-fat diet also displayed a significantly reduced endothelial relaxation to acetylcholine, reaching just 47% of basal diameter, compared with rats fed a normal diet that reached 75% of baseline. The increased blood pressure of the SHR induced endothelial dysfunction compared with the WKY rats, even when fed a normal diet. Three weeks of a high-fat diet exacerbated this dysfunction in the SHR, resulting in vessel diameters reaching just 47% of baseline. Tempol treatment ameliorated this dysfunction, and vessels reached 79% of baseline, levels similar to those observed in SHR fed a normal diet.
Simvastatin treatment also appeared to have a beneficial effect on the endothelial response to acetylcholine in WKY rats and SHR fed a high-fat diet for 3 wk (Fig. 3, C and D) . Maximum dilation to acetylcholine in WKY rats fed a high-fat diet with simvastatin in the drinking water reached 74% of baseline, which was higher than the 51% observed without simvastatin treatment; however, this increase did not reach statistical significance. On the other hand, in the SHR, simvastatin treatment improved the vascular dilation to 78% of baseline (P Ͻ 0.05) (Fig. 3D ). There appeared to be little contribution of the smooth muscle to the vascular dysfunction observed in this study. Vasodilatation in response to sodium nitroprusside administration in the WKY rats fed a normal and high-fat diet reached 86 Ϯ 31 and 74 Ϯ 25% of baseline diameters, respectively, and 92 Ϯ 10 and 79 Ϯ 25% in the tempol-and simvastatin-treated mice, which were not significantly different from baseline. Also, in the SHR vessel diameters reached 89 Ϯ 8, 89 Ϯ 6, 89 Ϯ 15, and 86 Ϯ 10% of baseline diameters in normal diet-, high fat-, high fat with tempol-, and high fat with simvastatin-fed animals, respectively. Again, the vessel diameters were not significantly reduced compared with baseline values, indicating that the dilatory dysfunction in these vessels was specifically endothelial.
Renal Injury
Glomerular nephrin expression. Nephrin is expressed on the slit diaphragm, which is a major component of the filtration barrier in the renal glomerulus. Downregulation of renal nephrin expression indicates that there is a reduction in the ability of the glomerulus to filter appropriately. A reduction in renal nephrin expression is associated with forms of renal injury such as glomerulersclerosis and diabetic nephropathy (30, 46) . In this study, we observed a significant reduction in nephrin expression measured by immunofluorescence (Fig. 4 , A and B) (P Ͻ 0.05). Treatment with both tempol and simvastatin prevented a significant reduction in glomerular nephrin expression in both WKY rats and SHR compared with WKY rats and SHR fed a normal diet.
Urinary albumin excretion. We measured urinary albumin levels as a marker of damage to the filtration barrier in WKY rats and SHR fed a normal diet, a high-fat diet, a high-fat diet with tempol, and a high-fat diet with simvastatin (Fig. 4C) . We observed a significant increase in albumin excretion in all groups of SHR compared with WKY rats (P Ͻ 0.05). Elevated urinary albumin indicates renal filter dysfunction in the SHR, Fig. 3 . Afferent arteriole dilatory response to acetylcholine was significantly reduced in WKY (A) rats and SHR (B) fed a high-fat diet for 3 wk (*P Ͻ 0.05). Tempol treatment prevented this reduction in endothelial function in both rat strains. Normal and high-fat data are duplicated in C and D and compared with simvastatin-treated rats. Three weeks of simvastatin treatment prevented the injurious effect of a high-fat diet in SHR; however, this did not have a significant effect on the WKY rats.
as a result of the increased blood pressure characteristic of SHR at 18 wk of age. Ten weeks of a high-fat diet caused a significant increase in urinary albumin excretion in both the WKY rats and SHR compared with those fed a normal diet (P Ͻ 0.05). This data indicates that a 10-wk high-fat diet increased albumin leakage in the WKY rats and exacerbated renal injury in SHR, in the absence of a change in blood pressure. Treatment with tempol and simvastatin in combination with the high-fat diet prevented this elevation in albumin excretion in both the WKY rats and SHR (P Ͻ 0.05). These data indicate that both antioxidant treatment and the inhibition of free fatty acid generation protected the kidney from the damage incurred by a 10-wk high-fat diet.
Renal inflammation. Increased cytokine release and renal macrophage infiltration have been shown to contribute to renal injury in models of obesity (14) . An increase in renal macrophage-specific CD68-positive staining was observed in the SHR fed a high-fat diet compared with those fed a normal diet (P Ͻ 0.05) (Fig. 5A) . There was also an increase in CD68-positive-stained cells in the WKY rats fed a high-fat diet compared with those fed a normal diet; however, this did not reach significance. In the WKY rats on simvastatin treatment with a high-fat diet, a statistically significant increase in CD68-positive cells was recorded, whereas those receiving tempol did not present a significant change in macrophage number compared with the normal diet-fed WKY rats. The high-fat diet induced a greater number of macrophages to infiltrate the renal tissue in the SHR compared with those receiving a normal diet (P Ͻ 0.05). In the SHR, however, tempol treatment resulted in a significant reduction in CD68-positive-stained cells; SHR displayed a slightly different pattern than the WKY rats. Ten weeks of a high-fat diet increased macrophage infiltration into the kidney of the SHR (P Ͻ 0.05). In contrast, tempol treatment in the WKY rats prevented this elevation in macrophage infiltration in response to a high-fat diet whereas simvastatin treatment did not (P Ͻ 0.05).
Inflammation can play a key role in the development of renal injury, and MCP-1 excretion is often used as an indicator of renal inflammatory status (42) . We observed a significant increase in urinary MCP-1 excretion in both WKY rats and SHR fed a high-fat diet for 10 wk compared with those fed a normal diet (Fig. 5C ) (P Ͻ 0.05). With high fat feeding, treatment with tempol prevented this increase in MCP-1 excretion in both normotensive WKY rats and hypertensive SHR compared with those fed a high-fat diet alone. Interestingly, groups of both rat strains fed a high-fat diet and receiving simvastatin in their drinking water excreted similar MCP-1 levels to those fed a high-fat diet alone (P Ͻ 0.05). Together, the CD68-positive cell infiltration and MCP-1 excretion data suggest that simvastatin treatment does not prevent the inflammatory effect of a high-fat diet, but 10 wk of tempol treatment alleviated the inflammatory response induced by a high-fat diet.
DISCUSSION
Obesity and hypertension have been shown to contribute to the development of renal injury and endothelial dysfunction; however, the mechanism by which obesity exacerbates renal injury in the presence of hypertension remains to be determined (38) . We hypothesized that a 10-wk high-fat diet, which increased circulating cholesterol levels, combined with hypertension played a crucial role in the development of renal injury in this model via the elevation of oxidative metabolite production. Supporting this hypothesis using a rat model of obesity Fig. 4 . Nephrin expression is significantly reduced in kidneys from WKY rats and SHR fed a high-fat diet compared with those fed a normal diet for 10 wk (*P Ͻ 0.05, **P Ͻ 0.001) shown in fluorescent micrographs (A) and quantified (B). Means and SE are calculated from 60 images/treatment group. Baseline urinary excretion in higher in the SHR compared with WKY rats ( †P Ͻ 0.05). Albumin excretion was significantly increased in both rat strains fed a high-fat diet for 10 wk compared with rats fed a normal diet (*P Ͻ 0.05, **P Ͻ 0.001). Rats treated with tempol or simvastatin with a high-fat diet exhibited reduced levels of albumin excretion compared with those fed a high-fat diet alone. All SHR had higher albumin levels than similarly treated WKY rats ( †P Ͻ 0.05).
with hypertension, we demonstrate that lowering cholesterol with simvastatin and scavenging superoxide with tempol treatment result in the amelioration of both afferent arterial endothelial dysfunction and renal injury. However, the presence of hypertension prevented the complete protection from renal injury due to a high-fat diet. Albumin and MCP-1 excretion and CD68-positive cell infiltration remained elevated in the SHR despite tempol or simvastatin treatment.
In this study, we observed no effect on systolic blood pressure with 1 mmol tempol administration for 10 wk. These data are in accord with some previous studies using the hypertensive rat strain, the SHR, where tempol has not altered blood pressure (25) . In contrast, however, some other investigators have reported a hypotensive effect of tempol administration in the SHR (47) . Disparities in reports on the effect of tempol on blood pressure in the SHR may be attributable to the specific doses used, administration route, time course, and device used for blood pressure measurement. Simvastatin and other statins have also been reported to have variable effects on blood pressure in the SHR (6, 19) . In this study, WKY rats and SHR fed a high-fat diet underwent no significant change in blood pressure with simvastatin treatment as measured by tail-cuff plethysmography. However, any change in blood pressure that may have occurred as a result of tempol or simvastatin administration may have been masked by the effect of 10 wk of high-fat feeding in this study. We observed no change in blood pressure despite an increase in body weight in both rat strains, which indicates that the insult of 10 wk of feeding a 36% fat diet was not great enough to impact blood pressure in these rat strains despite the effect on renal function. Therefore, the beneficial effects of tempol and simvastatin treatment may be the direct result of a reduction in superoxide and a downregulation of injurious inflammatory proteins.
Ten weeks of high-fat feeding resulted in an increase in plasma cholesterol levels in both the normotensive WKY rats and hypertensive SHR that was prevented by simvastatin treatment, via its inhibition of HMG-CoA reductase. Superoxide scavenging with tempol in animals fed a high-fat diet did nothing to alter their circulating cholesterol levels. Evidence of substantial renal oxidative stress was observed, indicated by significantly elevated 8-isoprostane excretion as a result of a 10-wk high-fat diet in both rat strains. Elevated 8-isoprostane levels had also been reported in other models of obesity such as the Zucker diabetic fatty rat (31) . High levels of urinary 8-isoprostane reflect prolonged elevations in renal oxidative metabolites, resulting in peroxidation of lipoproteins. This high-fat diet-induced elevation in oxidative stress was independent of a change in systolic blood pressure. Increases in oxidative metabolite excretion indicate elevations in renal oxidative stress in this model as a result of high-fat feeding. Both tempol and simvastatin treatment ameliorated this increase in 8-isoprostane excretion, indicating reduced levels of renal oxidative stress. This reduction in oxidative stress in the kidney correlated with a reduction in high-fat diet-induced endothelial dysfunction and renal injury and implicates oxidative stress as a potential mechanism for injury in this model. Interestingly simvastatin treatment reduced 8-isoprostane levels with equal efficiency as the SOD mimetic tempol. There is evidence that simvastatin can reduce oxidative stress through two mechanisms: a reduction in free fatty acid levels and a cholesterol-independent pathway (22) . In this study, the reduction in oxidative stress caused by simvastatin treatment may CD68 Fig. 5 . Macrophage infiltration into the kidney was measured by CD68 immunohistochemistry (A) and quantified (B). Photographs were taken on a light microscope using ϫ400 magnification. Positive CD68 cells are indicated by an arrow. Means and SE are calculated from 48 images/treatment group. B: there was an increase in renal infiltration of CD68-positive cells in WKY rats fed a high-fat diet compared with WKY rats fed a normal diet; however, this only reached significance in WKY rats fed a high-fat diet with tempol (*P Ͻ 0.05). CD68-positive cell infiltration is markedly increased in SHR fed a high-fat diet compared with those fed a normal diet (**P Ͻ 0.001). Tempol treatment significantly reduced renal macrophage infiltration in SHR compared with those fed a high-fat diet (*P Ͻ 0.05). C: urinary monocyte chemoattractant protein-1 (MCP-1) excretion is significantly increased in WKY rats and SHR fed a high-fat diet compared with those fed a normal diet (*P Ͻ 0.05). Tempol treatment reduced MCP-1 excretion to levels comparable with controls, whereas simvastatin treatment had no effect.
have been through both cholesterol-lowering and direct antioxidant activity.
We observed afferent arterial endothelial dysfunction after just 3 wk of a high-fat diet in both rat strains studied, 7 wk before any evidence of reduced renal function. These data are in accordance with results we have previously reported where we recorded marked endothelial dysfunction in WKY rats and SHR after just 3 wk high-fat feeding (26) . Previous studies using alternative models of hypercholesterolemia, such as those carried out by Chade et al. (11) , have reported endothelial dysfunction as a result of prolonged high-fat feeding and implicate oxidative stress in the development of renal injury in their model. Supporting our hypothesis that reactive oxygen species play a role in the development of renal endothelial dysfunction, tempol administration in the drinking water prevented endothelial dysfunction in both strains, independently of blood pressure changes. These data suggest that a 3-wk high-fat diet increases renal superoxide generation, which in turn impairs the afferent arteriole dilatory response to acetylcholine. The reduced vasodilatory response to acetylcholine in the renal vasculature is most likely a result of the inhibitory effect of superoxide on nitric oxide-dependent vasodilation, which has been previously reported by other investigators (39, 41) . Simvastatin treatment also prevented the endothelial dysfunction observed in the SHR as a result of a 3-wk high-fat diet. Interestingly, no significant amelioration of endothelial function was observed in the WKY rats treated with simvastatin, despite a trend at the higher doses of acetylcholine. This strain disparity indicates that the endothelial dysfunction we observed as a result of high-fat diet in the WKY rats may be less attributable to increased oxidative stress or fatty acid generation than in the SHR.
After an additional 7 wk of high-fat feeding following the development of endothelial dysfunction, we observed significant increases in urinary albumin in both rat strains. This albuminuria was independent of changes in blood pressure. The SHR displayed evidence of extreme renal injury with high levels of albumin excretion reaching almost 1 mg/day after a 10-wk high-fat diet. In comparison, the WKY rats experienced a far milder level of renal injury as a result of high-fat feeding. These data correlate with our previous study, where we observed severe renal injury in SHR as a result of a 10-wk high-fat diet (26) . Despite significant albuminuria, there was not an obvious increase in fibrosis as a result of the high-fat diet. Both tempol and simvastatin treatment prevented the albuminuria that was observed in both rat strains after a 10-wk high-fat diet. A reduction in free fatty acids in vivo has been associated with a fall in reactive oxygen species bioavailability (14) . There is evidence that reductions in reactive oxygen species generation can reduce blood pressure in models of hypertension and renal injury (45) . However, we observed that tempol treatment reduced 8-isoprostane levels in the absence of changes in blood pressure but ameliorated renal injury. Therefore, we hypothesize that the protective effect on renal filtration barrier integrity was likely, at least in part, to be a result of the reduction in free radical generation independently of a change in blood pressure. A reduction in free radical production by tempol or simvastatin treatment, directly or via a reduction in fatty acid levels, prevented the leakage of albumin that was observed in the high fat-fed groups. Previous studies have shown that statin treatment reduces glomerular podocyte injury by way of activation of the phosphatidylinositol 3-kinase/AKT signaling pathway (9) . Although we cannot rule out possible effects on glomerular hydrostatic pressure, the data provide convincing evidence that simvastatin or tempol treatment decreased oxidative stress and improved endothelial dysfunction that most likely contributed to decreased renal inflammation and injury.
Increased oxidative stress is involved in the development of endothelial dysfunction by way of reductions in nitric oxide bioavailability and therefore reduced vasodilatory ability of the vessel (39) . We hypothesize that the ensuing development of albuminuria in this model may be as a result of a number of mechanisms. It is possible that glomerular endothelial dysfunction developed, therefore increasing glomerular filtration pressure, leading to protein leakage (17) . Reactive oxygen species may have also caused a loss of negatively charged surface of the capillary wall, therefore allowing negatively charged albumin to freely pass through the filtration barrier. A third possible mechanism is by way of reactive oxygen species, either directly or indirectly via increased inflammatory cytokines, disrupting the glomerular podocyte barrier by podocyte flattening, again resulting in albuminuria (7) .
Renal nephrin expression has been linked to podocyte function, and a reduction in nephrin expression is a characteristic of a number of renal injury models (21) . Obesity has been associated with podocyte injury, and Nagase et al. (32) showed in an obese SHR/NDmcr-cp rat model that nephrin gene expression was reduced compared with SHR. In this study, we observed a reduction in nephrin expression after a 10-wk high-fat diet but preservation of expression of the podocyteassociated protein nephrin by both simvastatin and tempol treatment. Normal nephrin expression in kidneys from tempoltreated mice indicates reactive oxygen species play a role in the downregulation of nephrin protein expression and therefore altered podocyte function. Statin treatment of a diabetic mouse model has been shown to have a beneficial effect on podocyte number and nephrin levels in the kidney via a reduction in oxidative metabolite availability (48) . Here, we show that simvastatin treatment prevented the downregulation of nephrin expression in the presence of a high-fat diet. In addition, as mentioned previously, simvastatin treatment resulted in a fall in oxidative metabolites; therefore, we believe that the protective effect on podocyte number and nephrin expression may be via a reduction in free fatty acids and a fall in oxidative damage. This protective effect of simvastatin may be a result of the ability of statins to prevent NADPH oxidase activation and therefore reduce reactive oxygen species generation (44) .
Renal inflammation has been identified as a characteristic of obesity and hypertension, and there is evidence that inflammatory cytokines contribute to the development of renal injury (43) . We have reported previously that high fat-fed SHR undergo a significant increase in glomerular macrophage infiltration, MCP-1 excretion, and an elevation in renal inflammatory gene expression (26) . Interestingly, this inflammatory response was a result of the combination of a 10-wk high-fat diet with hypertension and was not observed in the normotensive WKY strain fed a high-fat diet for 10 wk. In the present study, we demonstrate that scavenging superoxide with tempol treatment prevented an increase in excretion of the inflammatory cytokine MCP-1 and reduced macrophage infiltration into the kidney in both SHR and WKY rats. There is a positive relationship between tubulointerstitial macrophage infiltration and oxidative stress in hypertension and animal models such as the SHR (37, 40) . Increases in superoxide can induce NF-B activation, which acts to increase expression of leukocyte attractants ICAM and VCAM (37) . Tempol treatment could prevent NF-B activation in the high fat-fed SHR, prevent renal macrophage infiltration, and therefore protect the kidney from inflammatory cell damage brought on by increased oxidative stress. Despite the apparent protective effect of treatment with 10 mg ⅐kg Ϫ1 ⅐day Ϫ1 simvastatin on renal excretory function, no reduction in macrophage infiltration or MCP-1 levels in high fat-fed rats was recorded in either rat strain. Our data suggest that the reduction in reactive oxygen species measured by 8-isoprostane levels with simvastatin treatment was sufficient to have a significant protective effect on endothelial and renal function. This beneficial antioxidant effect of simvastatin treatment was observed despite increased inflammatory protein expression after a 10-wk high fat feeding. These data indicate that in this model of obesity with hypertension, the contribution of inflammation to the development of renal injury is important but independent of the contribution of oxidative stress. In human and animal studies, statin treatment has been shown to have a complex relationship with inflammation. There are studies in which statin treatment reduced inflammatory protein expression, which has been associated with the protective effect on renal injury in obesity (8, 15) . However, in human mesangial cells simvastatin treatment has acted to increase expression of inflammatory cytokines and proinflammatory cyclooxygenase-2 (33) . In this model of obesity and hypertension, we observed no renal anti-inflammatory effect with 10 mg ⅐kg Ϫ1 ⅐day Ϫ1 simvastatin treatment. Simvastatin treatment protected renal endothelial function and prevented albuminuria in the absence of a change in renal inflammatory status. This would indicate that in this model of essential hypertension with obesity, increases in inflammatory proteins are not solely responsible for the development of endothelial dysfunction and renal injury. Thus the relationship between simvastatin and inflammatory protein expression is a complex one and not controlled completely by its antioxidant properties.
Conclusion
In this study, we demonstrate in a rat model of essential hypertension with a high-fat diet that afferent arterial endothelial dysfunction occurs followed by renal injury accompanied by renal inflammation. Treatment with both the SOD mimetic tempol and HMG-CoA inhibitor simvastatin prevented the development of endothelial dysfunction and preserved renal function in this model. These data provide evidence for the involvement of increased free radical generation as a potential mechanism of renal injury in obesity. Interestingly, the protective effect of simvastatin treatment was independent of any change in inflammatory response observed as a result of the high-fat diet and hypertension.
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